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Activated by dorsalizing and lateralizing signals, the Pax3 gene is an early marker for the entire paraxial mesoderm and its
dorsal derivative, the dermomyotome. Later, its expression becomes restricted to the lateral dermomyotome and to the
migratory muscle precursors giving rise to the hypaxial musculature. To understand better the role that Pax3 plays during
development of paraxial mesoderm-derived structures, we followed the development of the musculature and skeleton in the
murine Pax3 mutant Splotch. We found that the mutant dermomyotomes and myotomes failed to organize and to elongate
medially and laterally, leading to the reduction and malformation of the entire trunk musculature. Mutants lacked ventral
aspects of the body wall musculature and muscles derived from migratory myoblasts, suggesting a crucial function for Pax3
in the long-range migration of muscle precursors giving rise to the ventral hypaxial musculature. In addition, severe
malformations were detected in the skeleton. The axial and appendicular skeleton displayed malformations and in
particular multiple bone fusions. © 1998 Academic Press
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INTRODUCTION
In amniotes, the paraxial mesoderm is formed during
gastrulation as a mesenchymal structure located on both
sides of the neural tube. By an intrinsic, uncharacterized
mechanism, somites epithelialize and regularly bud off
from the rostral end of the presomitic mesoderm, while
more mesenchyme is added caudally from the primitive
streak. This proceeds in a rostrocaudal direction to generate
somites first in the occipital region and progressively more
posteriorly.
The newly formed somites differentiate along their dor-
soventral and mediolateral axes (reviewed in Christ and
Ordahl, 1995). Ventrally, the somites deepithelialize and
form the mesenchymal sclerotomes, which give rise to the
vertebral column and ribs. Dorsally, cells delaminate from
the medial lip of the dermomyotomes and spread under-
neath to form the medial part of the myotomes, which form
to the epaxial musculature (deep back muscles; Christ et
al., 1983). The lateral lip of the dermomyotomes is the
source of the hypaxial musculature (limb and body wall). At
the level of the limbs, muscle precursors disperse and
migrate into the somatopleure to constitute the appendicu-
lar musculature (Chevallier et al., 1977; Christ et al., 1977).
At thoracic and abdominal levels, these lips retain their
epithelial organization, progress ventrally, and form the
body wall musculature (Christ et al., 1983). Finally, mesen-
chymal cells leave the dermomyotomes dorsally to form
the dermis of the back.
Rotation and transplantation experiments have shown
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that the anteroposterior polarity within the paraxial meso-
derm is determined prior to somite formation, while the
dorsoventral and mediolateral values depend on extrinsic
influences imposed by the local environment (Aoyoma and
Asamoto, 1988; Christ and Wilting, 1992; Ordahl and Le
Douarin, 1992). Notochord and floor plate ventralize the
paraxial mesoderm, thereby inducing the sclerotome (Brand-
Saberi et al., 1993; Goulding et al., 1994; Pourquie et al.,
1993; Dietrich et al. 1993). This ventralizing activity is
mimicked by the signaling molecule Sonic hedgehog (re-
viewed in Roelink, 1996). The dorsal neural tube and the
surface ectoderm dorsalize the paraxial mesoderm (Fan et
al., 1995). This dorsalization process can also be triggered
by signaling factors from the Wnt and BMP families (re-
viewed in Roelink, 1996). At the medial edge of the dermo-
myotome, dorsalizing and ventralizing signals synergize to
induce the medial myotome and the formation of the
epaxial muscles (Dietrich et al. 1997). Similarly, signals
derived from the lateral mesoderm and surface ectoderm
cooperate to lateralize the dermomyotome and lead to the
formation of the hypaxial musculature (Cossu et al., 1996;
Pourquie et al., 1995, 1996; Dietrich et al. 1998). The
lateralizing activity can be mimicked by BMP4 (Pourquie et
al., 1996).
Transcription factors of the Pax gene family appear to be
important mediators of the extrinsic signals patterning the
somites (reviewed in Tremblay and Gruss, 1994). Stimu-
lated by the surface ectoderm, dorsal neural tube, and
lateral plate mesoderm, Pax3 expression is initiated early in
the paraxial mesoderm and encompasses the entire dorso-
ventral perimeter (Dietrich et al., 1993; Fan et al., 1995;
Pourquie et al., 1995, 1996; Williams and Ordahl, 1994). In
the newly formed somites, the notochord and floor plate
appear to downregulate transcription of Pax3 in the ventral
territories destined to become sclerotome while upregulat-
ing Pax1 and Pax9 (Dietrich et al., 1993; Goulding et al.,
1994; Koseki et al., 1993). Signals from the surface ecto-
derm, neural tube, and lateral plate mesoderm are required
to maintain Pax3 expression in the dermomyotome and up
regulate Pax3 laterally (Fan and Tessier-Lavigne, 1994;
Pourquie et al., 1995, 1996; Dietrich et al. 1997, 1998),
suggesting that Pax3 serves as a mediator of the dorsalizing
and lateralizing signals. Upon initiation of myotome forma-
tion at the medial lips of the dermomyotomes, Pax3 is
downregulated from the medial somitic area, (Bober et al.,
1994; Fan and Tessier-Lavigne, 1994; Goulding et al., 1994;
Williams and Ordahl, 1994). This complex expression pat-
tern suggests that Pax3 function bears relevance to the
generation of multiple somitic lineages.
Mutations in the Pax3 gene have been linked to the
murine Splotch mutant, a well-recognized model for neural
crest deficiencies and neural tube defects (reviewed in
Tremblay and Gruss, 1994). The development of somitic
derivatives is also affected as embryos homozygous for
Splotch are devoid of limb and associated shoulder muscles
(Franz, 1993; Franz et al., 1993). This phenotype has been
correlated with the absence of Pax3-expressing migratory
muscle precursors which normally colonize the limb buds
(Bober et al., 1994; Goulding et al., 1994; Williams and
Ordahl, 1994). Transplantation of the lateral portion of
mutant limb-level somites into chick limb buds demon-
strated that these cells are able to undergo myogenic
differentiation, confirming that the absence of the appen-
dicular musculature in Splotch is primarily due to the
inability of muscle precursors to migrate into the limb field
(Daston et al., 1996).
To understand better the role of Pax3 in the development
of paraxial mesoderm, we analyzed the integrity of somitic
derivatives in the murine Pax3 mutant Splotch. We found
that Pax3 mutations affect both dermal and muscular
components derived from the dorsal dermomyotome. In
particular, severe muscular defects were observed not only
at limb levels but also originating at cervical, thoracic,
abdominal, and tail levels. The most dramatic phenotypes
were detected in the thorax, abdomen, and tail, where
ventral components of the hypaxial musculature failed to
form. Furthermore, Pax3 mutations interfere with develop-
ment of the skeleton where multiple malformations were
evident in the vertebral column, thoracic cage, and appen-
dicular bones.
EXPERIMENTAL PROCEDURES
Mice
Sp, Spd, and Sp2H mouse lines obtained from Jackson Laborato-
ries (Bar Harbor) and MRC Radiobiology Unit (Harwell, Dicot,
England) were bred to C57Bl/6 mice. The Desm-nLacZ transgenic
mice (Li et al., 1993) were mated with Splotch mutants and the
progeny was selected for the Sp2H/1; Desm-nLacZ1/2 genotype.
Appropriate F1 males were backcrossed to Sp2H/1 to obtain Sp2H
homozygotes. These embryos rarely develop beyond day 13 p.c.
The hypomorph Spd allele, which presents similar penetrance and
expressivity for the muscular phenotype (Franz, 1993), was used to
generate compound homozygous Sp2H/Spd embryos which survive
until late gestation. For skeletal preparations, Sp2H/Spd, Sp/Spd,
and Spd/Spd embryos were used.
b-Galactosidase Staining
Embryos were fixed in 1% formaldehyde/0.2% glutaraldehyde/0.2%
NP-40/0.1% sodium deoxycholate/PBS for 20 min, washed twice in
PBS for 20 min, and stained for 4 h to overnight in 0.1% X-gal/5 mM
K4Fe(CN)6/5 mM K3Fe(CN)6/2 mM MgCl2/0.2% NP-40/0.1% sodium
deoxycholate. Embryos were either cleared in a series of 30, 50, and
80% glycerol/PBT solutions or embedded in paraffin and sectioned (8
mm).
Skeleton Preparations
Embryos at days 16.5 and 18.5 p.c. were eviscerated, freed from
skin, and submerged in 100% ethanol for 4 days, in acetone for 3
days and quickly rinsed with water. They were stained for 7 days in
a solution containing 1 vol of 0.3% Alcian blue 8GX (Sigma No.
3157, in 70% ethanol), 1 vol of 0.1% Alizarin red S (Sigma No.
5533, in 95% ethanol), 1 vol of glacial acetic acid, and 17 vol of
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ethanol. Specimens were rinsed briefly in water, incubated at 37°C
in 1% sodium hydroxide/20% glycerol for 16 h, and kept at room
temperature until soft tissues had cleared. Skeletons were then
treated with 50, 80, and 100% glycerol for long-term storage.
RESULTS
Analysis of Myotomal Organization and Muscle
Development in Splotch Mice Using the Desm-
nLacZ Transgene
The dermomyotomal organization of wild-type and
Splotch embryos has been previously described (Bober et al.,
1994; Daston et al., 1996; Goulding et al., 1994; Tajbakhsh
et al., 1997). In particular, in Splotch homozygotes, the
mediolateral and anteroposterior organization of the dermo-
myotomes was disturbed as mutant dermomyotomes failed
to elongate properly along the mediolateral axis and ap-
peared truncated medially and laterally. In addition, Pax3-
expressing muscle precursors failed to migrate into the limb
buds. Finally, the epithelial organization of the lateral
dermomyotomal lip was perturbed; the borders were irregu-
lar, and fusions of neighboring dermomyotomes were found
particularly along the lateral edges. This general disorgani-
zation of the dermomyotome in Splotch suggested the
presence of muscular defects in addition to the lack of limb
musculature.
The Desm-nLacZ transgene reconstitutes the expression
of the Desmin gene in the myotome and labels early
myoblasts generated at the medial and lateral lips (Li et al.,
1993). This transgene provides a convenient marker to
follow muscle formation and was therefore introduced into
homozygous Splotch embryos to follow myotome and
muscle formation. A summary of muscular defects ob-
served in Splotch is presented in Table 1.
Appendicular Musculature
To determine whether the Desm-nLacZ marker depicts
the limb phenotype revealed by alternative methods, we
analyzed the activity of the transgene in the developing
TABLE 1
Effect of Pax3 Mutations on the Development of the Skeletal Musculature
Epaxial Status Hypaxial Status
Cervical Diaphragma,b Absent
Cutaneus maximusa Absent
Thoracic Deep back muscles Reduced, fused Spinotrapezius Reduced
Supracostal Reduced
Intercostal interni Reduced
Intercostal externi Reduced
Transversus thoracis Reduced
Serratus Reduced
Abdominal Deep back muscles Reduced,c fused Obliquus internus Disorganized
Obliquus externus Disorganized
Transversus abdominis Disorganized
Rectus abdominis Absent
Appendicular Deep back muscles Reduced, fused Triceps brachii Absent
Biceps brachii Absent
Quadriceps femori Absent
All limb musclesb,c,d Absent
Shoulders/hips Pectoralis minor Absent
Pectoralis major Absent
Pectoralis major Absent
Latissimus dorsid Absent
Serratus anteriord Reduced
Supraspinatusd Reduced
Infraspinatusd Reduced
Terres majord Reduced
Terres minord Reduced
a Cervical origin of these muscles based on the innervation of the diaphragm by the phrenic nerve and of the cutaneous maximus by
facial, cervical, and upper thoracic nerves.
b See also Tajbakhsh et al. (1997).
c See also Franz et al. (1993).
d See also Bober et al. (1994) and Franz et al. (1993).
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FIG. 1. Analysis of muscle development in normal and Splotch embryos using a Desm-nLacZ transgenic marker. Control (Co; A, E, I) and
Splotch (Sp; B, F, J) embryos at days 11.5 (A, B), 12.5 (E, F), and 13.5 p.c. (I, J). Corresponding enlargements of the thoracoabdominal regions
are shown (C, D, G, H, K, L). Note the spina bifida (SB), exencephaly (EX), and curly tail of Splotch embryos (B, F, J). (C, G) Arrowheads point
to the lateral myotomes present as tightly organized metameric units in normal embryos at days 11.5 and 12.5 p.c. (D) In Splotch,
disorganization of the lateral myotomes is evident at day 11.5 p.c. (H) At day 12.5 p.c., the metameric organization is dissolved and LacZ
positive cells are disorganized and prematurely elongate. Dotted lines over Sp embryos (D, H, L) delineate medial and ventrolateral margins
to which the LacZ staining extends in control embryos (C, G, K), indicating that the medial and lateral myotomes fail to elongate
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limbs between days 10.5 and 15.5 p.c. In wild-type control
embryos, LacZ staining was observed in the forelimb buds
starting at day 10.5 to 11.0 p.c., followed in the hind limb
buds half a day later (Li et al., 1993). At day 12.5 to 15.5 p.c.,
the LacZ positive cells became organized in distinct mus-
cular masses at the shoulder level and in dorsal and ventral
bundles within the developing limbs corresponding to ex-
tensor and flexor muscle groups (Figs. 1E, 1G, 1I, and 1K).
As previously documented (Bober et al., 1994; Daston et
al., 1996; Franz, 1993; Franz et al., 1993; Goulding et al.,
1994; Tajbakhsh et al., 1997), in Splotch homozygotes no
muscle precursors were detected in the limbs (Figs. 1F, 1H,
1J, and 1L). The faint staining observed in the hand and foot
plates of Sp mutants was also observed in control embryos
and corresponded to areas of cartilage formation (data not
shown). The shoulder muscles (see also Franz, 1993), in-
cluding latissimus dorsi (which did not stain but was
analyzed histologically) and pectoralis major and minor
(which connect shoulder and thorax), were lacking, suggest-
ing a complete absence of migratory myoblasts in the limb
and shoulder areas (Figs. 2A, 2B, 2E, and 2F). Similarly, the
musculature of the pelvic girdle was absent (Figs. 2D and
2H). Other muscles derived at this level from nonmigratory
myoblasts of the trunk and neck were affected to a lesser
extent, as both the serratus and spinotrapezius were present
but hypoplastic (Figs. 2A, 2B, 2E, and 2F).
Trunk Musculature
Body wall musculature. We then analyzed whether the
hypaxial musculature of the trunk is affected in Splotch as
suggested by the reduction of the trunk born serratus
muscle. We also followed the organization of the lateral
myotomes and the development of the body wall muscula-
ture in thoracic and abdominal regions of day 9.5 to 14.5 p.c.
embryos. In controls from day 10.5 p.c. onward, the Desm-
nLacZ positive lateral myotomes elongated ventrolaterally
as they laid down the precursors of the thoracic and
abdominal musculature, probably due to the continuous
generation of myoblasts at the lateral dermomyotomal lips
(Figs. 1A, 1C, 1E, and 1G; Denetclaw et al., 1997; Li et al.,
1993). At day 13.5 p.c., some individual muscles could be
identified. The metameric organization of the intercostal
muscles and of the rectus abdominis was still evident (Figs.
1I and 1K). Ventrally located fibers (rectus abdominis)
elongated rostrocaudally (Fig. 1K) but retained their
metameric organization until their ventral position had
been reached at day 14.5 p.c. (data not shown). The more
mediolateral components of the hypaxial musculature had
lost their segmental organization by day 13.5 p.c., and the
three layers of the abdominal muscles were visible as their
fibers were oriented in different directions (obliquus inter-
nus, obliquus externus, and transversus abdominis; Figs. 1I
and 1K). Finally, LacZ positive muscle precursors were
detected in the diaphragm as early as day 10.5 p.c. (Figs. 1I
and 1K; Li et al., 1993).
In Splotch homozygotes, muscles presented a weaker
LacZ staining suggesting that they consisted of fewer cells.
Between days 10.5 and 12.5 p.c., the mutant myotomes
were medially and laterally truncated, similar to what was
observed for the dermomyotomes (Figs. 1B, 1D, 1F, and 1H).
At day 12.5 p.c., the myotomes were highly disorganized,
and their metameric organization was partially lost (Figs. 1F
and 1H). Here, LacZ staining showed a fiber-like arrange-
ment, possibly depicting prematurely differentiated muscle
fibers elongating into the lateral body wall. At day 13.5 p.c.
(Figs. 1J and 1L) and day 14.5 p.c. (data not shown), the most
ventral thoracic LacZ positive domain corresponding to the
distal part of the intercostal muscles was absent. Similarly,
at the abdominal level, the most ventrally located abdomi-
nal muscle, the rectus abdominis, was lacking. In the
mediolateral region the three layers of abdominal wall
muscles displayed a disorganized array of fibers, and their
expansion had not progressed as far ventrally as in control
embryos. LacZ staining was also absent from the diaphragm
at all stages examined (day E11.5 to 14.5 p.c.; Figs. 1J and 1L
and data not shown).
Histological analysis extended these observations (Fig. 2).
Along the entire trunk area, LacZ positive muscle precur-
sors did not reach as far ventrally as in controls, leading to
the absence of the ventral muscles, while reduction and
malformation were observed for medial and dorsal muscles.
In the thoracic region, the intercostales interni and externi
appeared reduced or disorganized in some regions and the
transversus thoracis was fragmented (Figs. 2A, 2B, 2E, 2F,
2J, and 2N). At the abdominal level, the rectus abdominis,
which normally occupies a ventral position, was missing
(Figs. 2C and 2G). Laterally, the three layers of abdominal
muscles were present (Figs. 2C, 2G, 2K, and 2O).
Deep back musculature. Since the dermomyotomes
appeared truncated at their medial edges, we examined the
state of the epaxial musculature in Splotch mice. In control
embryos, the formation of the deep back musculature
derived from the medial myotome (Denetclaw et al., 1997)
in Sp. (E, I, G, K) At days 12.5 and 13.5 p.c., individual muscles are detected in forelimbs and hindlimbs (li), shoulders, and hips of normal
embryos. (F, J, H, L) These muscles are absent in Splotch; a small nonmuscular domain persists at the base of the hand plate (arrows: H,
L). (K, L) Arrowheads point to the ventrolateral region where the transversus abdominis (ta) has not progressed as far ventrally. The
diaphragm (di) and rectus abdominis (ra) are absent. The intercostal (ic) and deep back muscles (db) are reduced, while the obliquus
abdominis (oa) is disorganized. (F, J) At day 13.5 p.c., dorsal and ventral bundles are fused in the tail of Splotch embryos. Asterisks indicate
muscles missing in Splotch.
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was evident at day 12.5 p.c. (Figs. 2A–2D) and day 13.5 p.c.
(Figs. 1I and 1K). In Splotch embryos, the deep back muscles
were reduced in size and had lost their organization as
multiple bundles were fused together and ran continuously
from the medial area adjacent to the neural tube into the
dorsolateral region (Figs. 2A–2H).
Tail Muscles
In the tail region of wild-type embryos, the dermomyo-
tomes and myotomes also elongated ventrolaterally as
observed using the Desm-nLacZ transgene (Figs. 1A, 1E,
and 1I). At days 13.5 and 14.5 p.c., the myotomes were
organized bilaterally as ventral and dorsal bundles (Figs. 1I
and 2L). In Sp/Sp embryos the dermomyotomes and myo-
tomes failed to elongate mediolaterally, similar to what was
observed in the trunk (Figs. 1B, 1F, and 1J). At days 13.5 and
14.5 p.c., LacZ staining revealed that dorsal and ventral
bundles had failed to segregate and formed fused bundles
located in the dorsolateral region (Figs. 1J and 2P). Probably
as a result of this deficiency the tail was rounded instead of
being a normal butterfly shape. This defective organization
of the tail musculature may contribute to the curly tail
phenotype frequently observed in Splotch homozygotes.
Head and Neck Muscles
In control embryos, LacZ staining in the cervical somites
was detected at day 9.0 p.c. of development (Li et al., 1993).
Using Desm-nLacZ as a marker, cells were observed to
migrate ventrally between days 9.5 and 10 p.c. (data not
shown). The cervical domains were highly disorganized or
missing in Splotch (Figs. 1A–1D) and no cells were observed
to migrate ventrally from this area. Based on their migra-
tion, some of these cervical precursors are likely to give rise
to the diaphragm. This hypaxial muscle, absent in Splotch
(Figs. 1K, 1L, 2B, and 2F), appears to be of cervical origin
because it is innervated by the phrenic nerve which arises
in the cervical region and the axial origin of innervation
correlates with the axial origin of a given muscle (Hilde-
brand, 1988; Radinsky, 1979).
Occipital and cervical somites contribute to the forma-
tion of tongue, laryngeal, and neck muscles (Couly et al.,
1993; Noden, 1983). The migration of head muscle precur-
sors could not be followed using Desm-nLacZ marker.
However, histological analysis revealed that head muscles
(throat, neck, jaw, tongue, and ocular) were present as
judged by the LacZ signal. This is in agreement with a
previous observation in Sp1H embryos (Franz, 1993).
Dermal Muscles
In wild-type embryos, the Desm-nLacZ construct also
detected the cutaneus maximus, a hypaxial superficially
located muscle covering the trunk and neck regions (Figs.
2A–2D and 2I). This muscle is derived from upper cervical
and thoracic areas as indicated by its innervation and
appears to be derived mostly from the pectoralis muscles
(Romer and Parsons, 1986). In Splotch embryos, only few
scattered LacZ positive cells were visible in the dermal area
where the cutaneus maximus is normally found (Figs.
2E–2H and 2M). In addition, the mesenchyme was loose,
the cellular density was lower, and the skin was distended
(Figs. 2A–2H).
Skeletal Malformations in Splotch Embryos
Because deficiencies of the thoracic myotomes have been
reported to affect rib development (Grass et al., 1996; Zhang
et al., 1995), we investigated whether Splotch mutations
interfere with skeletal development using preparations of
day 16.5 and 18.5 p.c. Sp2H/Spd, Sp/Spd, and Spd/Spd em-
bryos. Analysis of the skull revealed dysgenesis of multiple
elements derived from cranial neural crest (Couly et al.,
1993; Noden, 1983): absence of the dorsal parts and the
frontal process of the maxilla, reduction of lacrimal and
nasal bones (Figs. 3 and 3B), and reduction of the spikes of
the alisphenoid separating the branches of the trigeminal
ganglion (data not shown) as well as split hyoid cartilage,
often unilaterally or bilaterally fused to the thyroid carti-
lage (Figs. 3C and 3D). These abnormalities are likely to be
FIG. 2. Comparative histological analysis of muscle development in control and Splotch embryos. Sections from control (A–D, I–L) and
Splotch embryos (E–H, M–P) at forelimb (A, E), lower thoracic (B, F), abdominal (C, G), and hindlimb (D, H) levels of day 13.5 (A–K, M–O)
and 14.5 (L, P) embryos. Enlargements of the cutaneus maximus area (cm) (I, M), deep thoracic muscles (J, N), abdominal muscles (K, O),
and tail muscles (L, P) are provided. Splotch embryos lack specific muscle groups, while others present size reduction. (A, E) Forelimb level:
absence of limb, shoulder, superficial (cutaneus maximus), and pectoralis (pe) muscles; reduction of serratus (se) and deep back muscles (db);
deformed spinotrapezius (st); thinner transversus thoracis (tt). (B, F) Thoracic level: absence of cutaneus maximus; deep thoracic muscles
(intercostales externi, ie; intercostales interni, ii; scalenus medius, sm) are reduced; deep back muscles are reduced and disorganized
forming fewer bundles; absence of diaphragm (di). (C, G) Abdominal level: absence of rectus abdominis in the ventral abdomen; all layers
of the abdominal wall muscles are visible (transversus abdominis, ta; obliquus internus, oi; obliquus externus, oe; K, O). (C, G) Hindlimb
level: deep back muscles (db) are present; limb and hip muscles are lacking. (L, P) Tail level: aberrant segregation of dorsal (df) and ventral
fibers (vf) fused dorsolaterally (ff); the tail is rounded instead of butterfly-shaped. Note the loose subcutaneous dermis in the mutant (E–H),
the low cellular density, and the presence of few scattered LacZ positive cells (arrowheads: M) where the cutaneus maximus is normally
located (cm; I). Other abbreviations used: bb, biceps brachii; NT, neural tube; SB, spina bifida; tb, triceps brachii.
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a consequence of the cranial neural crest deficiencies of
Splotch (Tremblay et al., 1995).
In addition, sclerotome-derived components of the skel-
eton exhibited fusions. At the thoracic level, multiple ribs
(up to four) were fused (Figs. 3E and 3F), most frequently in
distal regions. As a consequence, the sternum, which is
derived from lateral mesoderm, was irregularly segmented
due to the aberrant attachment of the ribs (Chen, 1953). In
addition, the sternal bands frequently failed to unite medi-
ally.
Fused vertebral bodies (data not shown) or fused neural
arches (Figs. 3G and 3H) were found cervically and, less
frequently, thoracically. At the level of the lumbosacral
spina bifida, the neural arches failed to close dorsally and
fused to their neighbors at their dorsolateral edges (Figs. 3I
and 3J). The pedicles of the neural arches often occupied an
intermediate position between two adjacent vertebral bod-
ies and contacted both such that the involved vertebral
bodies carried two pedicles. In addition, the vertebral bodies
were fused together and extra cartilaginous condensations
were observed.
Finally, multiple bone fusions were present in the limbs
of Splotch embryos. The acromion, coracoid, and humerus
were fused to each other in the shoulder (Figs. 3K and 3L),
while the femurs were fused to the hips (Figs. 3M and 3N).
DISCUSSION
Mesodermal Expression Suggests a Role for Pax3 in
the Specification of Dorsal Traits
During the development of the paraxial mesoderm, the
Pax3 gene displays a dynamic expression profile. The in-
duction and maintenance of Pax3 expression depend on the
dorsalization of the paraxial mesoderm by surface ectoderm
and dorsal neural tube which have been shown to be
important for the generation of both dermal and myogenic
lineages (Fan and Tessier-Lavigne, 1994; Munsterberg and
Lassar, 1995; Pourquie et al., 1995, 1996; Dietrich et al.
1997, 1998). Expression begins evenly in the anterior pre-
somitic mesoderm and becomes progressively restricted to
the dermomyotomes as somites form. When the myotomes,
destined to give rise to the epaxial musculature, are gener-
ated at the medial dermomyotomal lips, these territories
downregulate Pax3. High levels of Pax3 are maintained in
the lateral dermomyotomes, which give rise to the hypaxial
musculature. This intricate regulatory network suggests
that Pax3 plays a role in the generation of multiple dorsal
somitic derivatives.
This hypothesis is supported by our analysis of the
Splotch mutant. In addition to the absence of the limb
musculature (Bober et al., 1994; Franz, 1993; Franz et al.,
1993; Goulding et al., 1994), specific ventral muscles are
missing while other hypaxial and epaxial muscles are
hypoplastic and malformed. In the dorsal dermis, also-
formed from the dermomyotome, loosely packed mesen-
chymal tissue is observed in addition to the absence of the
superficial skin muscle cutaneus maximus. Taken together,
these deficiencies sustain that Pax3 bears an important role
for the development of dorsal paraxial mesoderm-derived
elements.
Interestingly, in the neural tube, sustained ectopic ven-
tral expression of Pax3 has been shown to be able to inhibit
the differentiation of the floor plate, a landmark of neural
tube ventralization (Tremblay et al., 1996). This indicates
that in the neuroectoderm as well as in the paraxial meso-
derm, Pax3 may favor differentiation along dorsal lineages.
Pax3 Is Required for the Mediolateral Elongation
of the Dermomyotome
Muscular defects observed in Splotch embryos are pre-
ceded by early patterning defects. The dermomyotomes are
truncated both medially and laterally and their edges are
disorganized as they lose their epithelial array, fuse with
their neighbors, and fail to express lateral markers (Bober et
al., 1994; Daston et al., 1996; Epstein et al., 1996; Goulding
et al., 1994; Tajbakhsh et al., 1997; Yang et al., 1996;
Dietrich, unpublished observations). The medial and lateral
dermomyotomal lips, abnormal in Splotch, are important
FIG. 3. Skeletal abnormalities in Splotch mutants. Comparative analysis of Alizarin red (A, B) and Alizarin red and Alcian blue (C–N)
preparation of wild-type (A, C, E, G, I, K, M) and Splotch homozygous or double heterozygous embryos (B, D, F, H, J, L, N) at days 16.5 p.c.
(G, H) and 18.5 p.c. (A–F, I–N). (A, B) Skull, lateral view. Note absence of the dorsal parts and the frontal process of the maxilla and reduction
of the lacrimal and nasal bones (arrows). (C, D) Larynx, ventral view. The hyoid cartilage is medially split (arrow) and laterally fused with
the thyroid cartilage (f). (E, F) Thorax, ventral view. Multiple rib fusions (f) encompassing as many as four ribs; the sternum is irregularly
segmented and split along most of its length. (G, H) Cervical vertebral column, dorsal view. The neural arches of C4 and C5 are fused at
their distal edges. (I, J) Lumbosacral vertebral column, ventral view. In the mutant, due to the spina bifida, the neural arches failed to close
dorsally and the vertebral column appears flattened; neural arches are fused laterally (f); vertebral bodies of L4 to S1 are fused (f); L5 and L6
carry two pedicles fused with adjacent vertebrae (asterisks); extra cartilaginous condensation (e) found between left pedicles of L2 and L3.
(K, L) Shoulder articulation, anterior view. Fusion of acromion, coracoid, and head of the humerus (f). (M, N) Hip articulation, ventral view.
Fusion of the hip with the head of the femur (f). Abbreviations used: Fr, frontal bone; La, lacrimal bone; Na, nasal bone; Mx, maxillary; Pre,
premaxillary; Mn, mandible; Hy, hyoid; Thy, thyroid cartilage; Cr, cricoid cartilage; Tr, tracheal cartilage; R1–R7, sternal ribs; St, sternum;
X, xiphoid process; L2, second lumbar vertebra; S1, first sacral vertebra; Il, ilium; Hu, humerus; Co, coracoid; Ac, acromion; Sca, scapula;
Pu, pubis; Fe, femur.
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sites for the generation of muscle precursors contributing to
medial and lateral myotomes, respectively (reviewed in
Christ and Ordahl, 1995). Since proliferation appears to be
the driving force of dermomyotomal elongation (Denetclaw
et al., 1997), Pax3 may be involved in the regulation of the
mitotic rates of dermomyotomal precursors and may be
required for the expansion of the lips toward the neural tube
and the ventral body wall.
Several lines of evidence support a role for Pax3 in the
control of cell proliferation and differentiation of muscle
progenitors. Forced expression of Pax3 promotes cellular
transformation (Maulbecker and Gruss, 1993), and rear-
rangement of PAX3 with a forkhead family member is
associated with the development of pediatric alveolar rhab-
domyosarcoma (Barr et al., 1993). Expression of Pax3 in
10T1/2 myoblast cultures prevents myogenic differentia-
tion (Epstein et al., 1995). Lateral signals (BMP4) that
maintain Pax3 expression also delay expression of MDFs in
the lateral lip of the dermomyotome (Pourquie et al., 1995,
1996). Finally, Pax3 expression also appears sufficient to
trigger the myogenic program and the expression of MDFs
in paraxial mesoderm explants (Maroto et al., 1997). There-
fore, the maintenance of Pax3 expression may favor the
proliferation of dermomyotomal precursors, thereby pro-
moting both the mediolateral elongation of the dermomyo-
tome and the formation of the myotone progenitor pool.
Pax3 Is Crucial for the Long-Range Migration of
Myoblasts and the Development of Hypaxial
Muscles
The early dermomyotomal defects of Splotch have pro-
found consequences on the development of the trunk mus-
culature. Derivatives of the medial myotome, the epaxial
deep back muscles, are reduced and lose their organization
as muscle bundles are fused in the medial and mediolateral
areas.
Pax3 function has been shown to be necessary for the
migration of appendicular muscle precursors (Bober et al.,
1994; Goulding et al., 1994; Williams and Ordahl, 1994). In
Splotch, this phenomenon is also evident at other axial
levels. Multiple hypaxial muscle groups of cervical/thoracic
origin also fail to develop. Pax3-expressing precursors
which normally originate in the cervical region and migrate
ventrally toward the septum transversum are lacking
(Tremblay and Dietrich, unpublished observations). As the
axial origin of innervation correlates with the origin of a
given muscle (Radinsky, 1979) and as this hypaxial muscle
is innervated by the phrenic nerve (Hildebrand, 1988) these
precursors are likely to give rise to the diaphragm, also
absent in Splotch. This hypaxial muscle is innervated by
the phrenic nerve of cervical origin. The superficial hy-
paxial cutaneus maximus muscle, whose precursors leave
the lower cervical/upper thoracic region and migrate exten-
sively to cover the entire trunk (Romer and Parsons, 1986),
is also absent. Finally, the ventral muscles derived from the
lateral dermomyotome are missing in the thoracic, abdomi-
nal, and tail regions. Altogether, our observations suggest
that Pax3 is most critical for muscle precursors that colo-
nize distant regions long distances (appendicular, ventral,
hypaxial diaphragm; Fig. 4).
Because the capacity of the Sp mutant to generate muscle
is not completely abolished, Pax3 is not essential for
skeletal muscle development as a whole. The loss of Pax3
may be partly masked by functional redundancies. Interest-
ingly, Myf-5/Splotch double mutants lack the entire trunk
skeletal musculature, while in the corresponding single
mutants some musculature develops (Tajbakhsh et al.,
1997). Thus, at the trunk level, Pax3 and Myf-5 may display
some functional redundancy. Alternatively, the reduction
FIG. 4. Distribution of Pax3-dispensable muscles (reduced or
disorganized in Splotch) and Pax3-indispensable muscles (muscles
absent in Splotch). The dorsally and laterally located muscles
depicted in dark green are present in Splotch, but appear generally
reduced, disorganized (both epaxial and hypaxial), and ventrally
truncated (hypaxial domain). Muscles lacking in Splotch are de-
picted in yellow. The cutaneus maximus which extends over the
entire trunk is not shown but is also absent in Splotch.
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of Pax3 dependent precursor pool with the block of Myf-5
dependent differentiation may eliminate muscle develop-
ment.
The tyrosine kinase receptor gene c-met has been pro-
posed to be a Pax3 target. Limb and body wall muscle
progenitors express c-met and colonize areas where the
c-met ligand SF/HGF is found (Yang et al., 1996). Inactiva-
tion of c-met prevents the formation of the appendicular
musculature and diaphragm (Bladt et al., 1995) and in
Splotch c-met fails to be expressed in the lateral dermomyo-
tome of Splotch embryos correlating with the absence of
migratory myoblasts (Daston et al., 1996; Epstein et al.,
1996; Yang et al., 1996). Therefore, Pax3 may control
migration of muscle precursors by regulating the expression
of specific cell-surface receptors or adhesion molecules.
Splotch Mice Display Multiple Skeletal Defects
Splotch embryos exhibit severe skeletal defects. Crani-
ally, the nasal and lacrimal bones are reduced, and parts of
the maxilla are lacking. The hyoid bone is often split and
partially fused to the thyroid cartilage. These structures are
derivatives of the mesencephalic and myelencephalic neu-
ral crest, respectively (Couly et al., 1993; Noden, 1983).
Splotch is a well-recognized model of neural crest deficien-
cies (reviewed in Tremblay and Gruss, 1994) and these
deficiencies most likely reflect cranial neural crest deficien-
cies as previously described (Tremblay et al., 1995).
Multiple elements are fused along the entire axial skel-
eton. Most prominent are fusions of the ribs and of vertebral
components. In the lumbosacral region of the vertebral
column dorsal dyssymphyses arise, probably as a conse-
quence of the spina bifida. In other regions, as the mutant
dermomyotomes and myotomes are disorganized and fused
at their lateral edges, a general segmentation disorder may
underlie these skeletal phenotypes. Alternatively, the ab-
sence of the lateral dermomyotomes may affect the pattern-
ing of the lateral sclerotomes and the outgrowth of the rib
anlagen.
MDF-deficient mice have also been shown to present an
abnormal skeletal development (Braun et al., 1992; Tajba-
khsh et al., 1996). In mice deficient for Myf-5, the distal part
of the ribs is missing and FGF-4/6, which appears to
promote chondrogenesis, fails to be secreted by the myo-
tomes (Grass et al., 1996). The inactivation of MRF4 also
results in multiple rib bifurcations and fusions (Zhang et
al., 1995). Thus, an aberrant sclerotome development may
be a common theme with mutations interfering with the
development of the dermomyotome and/or myotome. Both
structures may promote proliferation of skeletal precursors
and provide positional cues for the patterning of the skel-
eton.
Fusions of skeletal elements are also commonly observed
in the appendicular skeleton of Splotch embryos. These
skeletal elements are derived from the lateral plate meso-
derm (reviewed in Christ and Ordahl, 1995). These deficien-
cies may result from the absence of the limb musculature,
which could provide local cues and keep the anlagen of
appendicular bones separate.
Interestingly, mutations in PAX3 have been shown to
cause Waardenburg syndromes resulting in multiple cranio-
facial abnormalities (for a review, see Tremblay and Gruss,
1994) and limb deformities associated with musculoskel-
etal hypoplasia, fusion of carpal bones, and syndactyly
(Goodman et al., 1982; Klein, 1983; Zlotogora et al., 1995).
More recently, missense mutations in the human PAX3
gene have also been identified in the craniofacial-deafness-
hand syndrome characterized by hypoplasia of nasal bones,
abnormal facial features, limited movement of the wrist, as
well as deviations of the fingers caused by an abnormally
shaped ulna (Asher et al., 1996). Therefore, skeletal abnor-
malities observed in Splotch are paralleled by limb defor-
mities associated with mutations in the human PAX3 gene.
Roles of Pax3 during Development of the Paraxial
Mesoderm
Splotch embryos exhibit numerous phenotypes in
muscles, dermis, and skeleton. We propose that Pax3 serves
several functions during the formation of the musculature.
In the early dermomyotome, Pax3 acts as a mediator of
dorsalizing signals specifying and expanding the entire
dermomyotomal cell pool. Medially, the loss of Pax3 func-
tion in Splotch may be partially compensated by its paral-
ogue Pax7. Laterally, Pax3 is required to maintain the pool
of hypaxial muscle precursors and permit their long-range
migration. In Splotch, the epaxial and lateral components of
the hypaxial musculature are mildly affected (Fig. 4,
muscles disorganized or reduced). As the dermomyotomes
never fully elongate, muscle precursors fail to colonize
ventral regions and ventral components of the trunk hy-
paxial musculature fail to develop (Fig. 4, muscles absent).
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